Influx isotherms were obtained for nitrate and ammonium from three legumes, Cajanus cajan (L.) Millsp., Cicer arietinum L. and Arachis hypogaea L. and three cereals, Sorghum bicolor (L.) Moench., Pennisetum glaucum L. and Zea mays L. The transition in influx isotherms for both nitrogen sources was found to be within the concentration range (0.05-2.5mM) tested. There were significant differences in Km and Vmax for ammonium between legumes and cereals. The difference in the kinetic properties for nitrate uptake between the two groups of plants only became apparent at the higher concentration tested. Legumes translocated absorbed nitrate and ammonium to shoots more rapidly than cereals. Results show that there are significant differences in uptake and translocation of ammonium and nitrate between legumes and cereals.
Introduction
To characterize nutrient uptake among different species of plants, the total amounts of the particular nutrient taken up by plants during the entire growth period have been often used. To compare any nutrient uptake process per se, however, kinetic parameters on the rate and affinity of membrane transport will be the most suitable indices as they are relatively independent of the dry matter production of the plants. Although nitrogen is a key nutrient for the growth and development of plants, little success has been made in inter-( Van de Dijk et al., 1982) and intraspecific (Pace and McClure, 1986) comparison of uptake properties with the kinetic approach, mainly because of the ana- lytical difficulties and poor availability of isotopes (15N and t3N) which enable simple measurement of the element absorbed by plants during a short time period.
It is important to know the kinetic properties of each plant species not only for screening species or genotypes with high absorbing capacity, but also for understanding and predicting the competition for nutrient uptake by plants grown in a mixture with other plant species in natural and agricultural ecosystems. The intercropping of a legume and cereal is widely practised by farmers in the semi-arid tropics (SAT), where water and nutrients are generally limiting. These limited nutrients in soil can be most efficiently exploited by intercropping a combination of crops which are complementary in nutrient uptake.
The present study was initiated to compare kinetic parameters of nitrogen uptake and translocation among three legumes and three cereals which are commonly used as component crops in intercropping in the SAT. Johnson et al. (1957) with 1/5 strength for legumes and 2/5 strength for cereals. Roots were carefully separated from sand with flowing tap water and subjected to uptake rate measurement.
Materials and methods

Plant material and culture conditions
Uptake rate measurement
Roots detached from a plant were placed in a 50 mL Erlenmeyer flask with 20 mL of 15N-labelled N solution. The flasks were incubated at 30 +--2°C for 2 hours by shaking them vigorously in the dark. The roots of intact plants were placed in a 100 mL glass tubes containing 75 mL 15N-labelled N solution. The tubes were incubated in the greenhouse with full sunlight at 30°C for 2 hours. Only 15N-labeled nitrogen salts as ammonium sulfate and potassium nitrate were added into the incubation solution at initial concentrations of 0.05, 0.1, 0.25, 0.5, 1.0 and 2.5 mM with three replications. The 15N abundances of nitrate and ammonium were 98 and 99.5 atom %, respectively. After incubation, the plant samples were dried in an oven at 70°C for 2 days and then digested with salicylic acid-sulfuric acid mixture and catalyst (K2SO/CuSO 4 5H20/ Se: 100/10/1). The nitrogen content was determined by distillation and titration with 0.005 M sulfuric acid. Nitrogen in the digest was concentrated into a small volume of 0.5 N HCI solution by a modified Conway diffusion method (Yoneyama et al., 1975) . 15N abundance in the concentrated solution was analyzed by an emission spectrometer (JASCO N-150). Kinetic parameters, Km and Vmax, were calculated using weighed least squares regression analysis of the data according to Michaelis-Menten equations (Epstein, 1972) . The results of experiments with detached and intact roots were pooled together as both gave almost identical kinetic parameters. Translocation rates of the absorbed nitrogen were estimated by the ratio of 15N in the shoots to that in whole plants during the incubation.
Results
Influx isotherms
The influx isotherms of nitrate and ammonium are shown in Figure 1 . Since the influx rates at 2.5 mM are far off from the line expected with Michaelis-Menten equation in all cases, there seems to be at least two different uptake patterns within the concentration range tested here. The first component, uptake at low substrate concentrations, is saturable and fits well with MichaelisMenten kinetics. The appropriate modelling for the second component, uptake at higher concentrations of the substrate, is difficult to be drawn due to the limited range of nitrogen concentration in the external medium.
The reciprocal plotting (Lineweaver-Burk plot) of both the external concentration of substrates and influx rates from five sets of data excluding the highest concentration gave straight lines with high correlations (0.82 < r 2 < 0.99) (insets for legumes in Figure 1 ).
Kinetic parameters
The Km and Vmax calculated from the saturable first component (Fig. 1) and cereals tested. Vmax was strikingly higher for ammonium than for nitrate. The Vmax for ammonium was higher for the legumes than for the cereals, whereas no clear trend was found among the species in the Vmax for nitrate. Assuming a linear relationship for the second component, a k was obtained from the influx rate at 2.5 mM and the simulated rate at 1.0 mM. The k was higher for ammonium than for nitrate. The legumes had a higher k for both nitrate and ammonium than did the cereals (Fig. 2) .
Translocation
Since differences in the distribution percentage of N among the lower five concentrations were not significant, they were averaged. Nitrate was more readily translocated to shoots than ammonium in all plant species (Table 1) . For both nitrate and ammonium, legumes had higher distribution percentages to the shoot than cereals, indicating a more rapid translocation in the legumes than in the cereals.
Discussion
The transition in influx isotherms was first demonstrated by Epstein (1972) Each value is an average of five treatments with different N concentrations. Data from the highest concentration (2.5 raM) were omitted as the influx and translocation of nitrogen may be driven by a different mechanism at this concentration (see text).
d a t a o b t a i n e d in the p r e s e n t study are also not c o m p a t i b l e with a single s a t u r a b l e c o m p o n e n t (Fig. 1) , again suggesting that the influx isot h e r m s for b o t h nitrate and a m m o n i u m should consist of at least two c o m p o n e n t s . T h e transition point m a y be s o m e w h e r e a r o u n d 1.0 m M in b o t h cases. R a o and Rains (1976) r e p o r t e d that in b a r l e y roots, the u p t a k e rate of nitrate was a c c e l e r a t e d as the e x t e r n a l c o n c e n t r a t i o n exc e e d e d 0 . 5 m M . A p p r o x i m a t e l y the s a m e conc e n t r a t i o n for the transition point has b e e n r e p o r t e d for p o t a s s i u m with corn ( K o c h i a n and Lucas, 1982) and ryegrass ( G l a s s and D u n l o p , 1978), and for p h o s p h a t e with corn ( N a n d i and Pant, 1984) . It should also be n o t e d that this transition in isotherms exists in all six plant species used in this study.
T h e r e has b e e n a long d e b a t e on the characterization of the s e c o n d c o m p o n e n t . A multiphasic m o d e l has b e e n p r o p o s e d for p o t a s s i u m (Nissen, 1989) and p h o s p h a t e (Singh and Pant, 1982) , which can i n c o r p o r a t e the p r e s e n t t h e o r y on ion transport with multistate ion channels. In contrast, Kochian and Lucas (1982) and Vale et al. (1987) indicated that the second phase of potassium uptake could be described with a linear term, suggesting the existence of two distinct uptake mechanisms. Although the present study does not provide confirmative evidence for the isotherm pattern of the second component of nitrate or ammonium uptake, the assumption of a linear component for concentrations >1 mM to calculate the k is supported by recent results with barley (Siddiqi et al., 1990) and maize (Pace and McClure, 1986 ).
Significant differences were found between legumes and cereals in Km, Vmax and k for ammonium (Fig. 2) . Since ammonium is not a predominant form of nitrogen under the upland conditions where the plants used in this study are commonly cultivated, those differences may not have a practical importance in the field. For nitrate, the only clear difference between legumes and cereals was observed in k (Fig. 2) . Although k is a tentative index for uptake kinetics at concentrations >1 mM, the results imply that at the high concentration range nitrate absorption in legumes is at a relative advantage compared to that in cereals. Following the application of ammonical fertilizer, nitrate concentration in the soil solution was maintained above 1 mM for a few weeks (Ito et al., 1992) .
The legumes were also found to be more efficient than cereals in translocating the absorbed nitrogen from root to shoot (Table 1) . Especially the translocation rate of nitrate in chickpea was strikingly higher than in other species. This may be partly associated with the highest transpiration rate (data not presented) in this species. Another factor that regulates nitrate transiocation may be the distribution of nitrate reductase (NR) within the plant. Since the translocation of ammonium is much slower than that of nitrate (Table 1) , differences in translocation between legumes and cereals may be related to the NR activity in the roots. Root tips of Zea mays had a high level of in vitro NR activity (Oaks et al., 1979) and, as a consequence, a high correlation was found between numbers of lateral roots (which should correlate with number of root tips) and nitrate reduction (Pan et al., 1985) . In Cicer arientinum, however, NR activity was higher in shoots than in roots (Wasnik et al., 1988) . The rapid translocation in legumes may be due to the lower conversion of nitrate to ammonium and amino acids in legume roots than in cereal roots.
The present study confirms that influx isotherms for both nitrate and ammonium have a transition at approximately 1 mM, if the first component operating at low concentrations is assumed to be saturable according to MichaelisMenten kinetics. Significant differences in kinetic properties were found between legumes and cereals, implying that the nitrogen utilization may be improved by intercropping a proper combination of crops. Since the nutrient uptake may be influenced not only by kinetic properties but also by root morphological and metabolic traits (Robinson and Rorison, 1983) , further comparative studies should be conducted to correlate these interspecific differences with root morphology and activities.
